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Introduction
In composites of SiC-containing fibres and silicate glass matrices, specific carbon-rich interlayers between fibre and matrix arise from chemical reactions during processing (Brennan, 1986; Cooper & Chyung, 1987; Bonney & Cooper, 1990) . These layers of particular phenomena may strongly influence the composite properties. Thus, both the microstructure and the microchemistry have to be elucidated at nanometre resolution or even on the atomic scale. For SiC (Nicalon 1 )-fibre-reinforced Duran glasses (B 2 O 3 -Na 2 OSiO 2 ) carbon-rich interlayers are generated by chemical reactions during hot-pressing. The process of C-layer generation in the Si-C-O system can be divided into successive stages, including passive as well as active SiC oxidation, strongly depending on temperature, pressure and composition of gaseous species (i.e. O 2 , CO and SiO). For Nicalon-fibre-reinforced borosilicate glasses the respective exchange reactions can be described by a four-stage model, which is discussed in detail elsewhere (Hähnel, 1995; Hähnel et al., 1996) .
Nowadays, the combination of transmission electron microscopy with electron energy-loss spectroscopy (EELS) is a convenient means of phase analysis at high lateral resolution by studying particularly energy-loss near-edge structures (ELNES). Excitations of electrons from inner shells into unoccupied states above the Fermi level cause ELNES to occur. Up to now, to get information on the chemical bonding of the elements dominant (mainly silicon, carbon and oxygen) in the interface region of SiC (Nicalon)-fibre/ Duran glass composites, the ELNES of the Si-L 23 edge was systematically studied for different silicon compounds including oxycarbides (Schneider et al., 1994) .
In the present work these special data are used to determine the bonding state of silicon in the outer fibre periphery and, if detectable, inside the reaction layer region. From a more fundamental point of view, this is of interest to get an idea of the several complicated processes leading to the formation of carbon-rich interlayers in these materials systems, but, moreover, the mechanical composite properties are also influenced by additional phases in the carbon-rich reaction layers. Thus the more brittle or tough behaviour of two SiC (Nicalon)-fibre-reinforced Duran glasses (see Pippel et al., 1995) , only differing in the hot-pressing temperatures, can also be explained by differences in the silicon oxide content inside the fibre/matrix interlayer consisting of carbon.
Experimental
We studied the microchemistry of Duran 1 glass (B 2 O 3 -Na 2 O-SiO 2 ) unidirectionally reinforced with SiC (Nicalon NLM202) fibres, in which the composite was produced via a sol-gel-supported process. The main component of Duran glass is silicon dioxide amounting to about 80 . 7 wt%, with its additional contents of boron oxide and sodium oxide being 12 . 8 and 3 . 5 wt%, respectively. Nicalon fibres are composed of -SiC nanocrystals, an amorphous silicon oxycarbide phase and free aromatic carbon aggregates (Laffon et al., 1989; Imhoff et al., 1995) . The gross composition of the Nicalon NL202-fibres used in the composites under investigation was determined in the as-received state by physicochemical analyses after burning off the sizing, yielding about 56 . 9 wt% Si, 30 . 6 wt% C and 11 . 3 wt% O (Meier, 1992) . As impurities there was also 0 . 1 wt% N and traces of metals such as Al, Mg, Na, Fe, Cr and Ni, at concentrations below 0 . 01 wt%. After glass impregnation of the fibres using an SiO 2 -generating sol-gel the composite was hot-pressed under argon atmosphere to consolidate. More details of the composite processing procedure are given by Pannhorst et al. (1990) . Two different specimen charges were characterized after hot-pressing for about 5 min at about 1543 K (specimen A) and at about 1373 K (specimen B).
Samples were prepared using standard techniques for transmission electron microscopy examination including the cutting of thin (< 200 m) slices 3 mm in diameter, mechanical grinding and dimpling down to a thickness of about 10 m, and final ion milling (Ar, 5 kV). Electron energy-loss spectroscopy was carried out in an analytical electron microscope (Philips CM 20 FEG) combined with a Gatan PEELS model 666. In order to attain high lateral resolution the microscope was run in the scanning transmission electron microscopy mode at a primary electron energy of 200 keV. Owing to the intrinsic energy width of the thermally assisted field emission (FE) cathode the energy resolution is mostly limited to about 0 . 8-1 . 2 eV measured at the half-width of the zero-loss peak. Series of EEL spectra across the interlayer under investigation were recorded using the PEELS, with the STEM probe about 2 nm in diameter digitally scanned point by point by the Gatan Digiscan model 688. Experimental parameters of spectrum recording, i.e. energy loss per channel, integration time and number of read-outs, are given in the text. For spectrum processing, e.g. background extrapolation and subtraction, quantification, the Gatan software package EL/P was used.
Results and discussion
For SiC (Nicalon)-fibre-reinforced Duran glasses the morphology of fibre/matrix interlayers, the generation of these reaction layers as a function of the processing parameters (mainly time and temperature of hot-pressing) and the effect of such layers on the mechanical composite properties have been investigated in detail (Hähnel, 1995; Hähnel et al., 1995; Pippel et al., 1995) . The influence of glassy phases on the mechanical behaviour, possibly occurring inside the reaction layers, will be focused on in the discussion below. Thus, the microchemistry of two specimen charges with different hot-pressing temperatures, 1373 and 1543 K, respectively, is revealed. Figure 1 compares microstructural phenomena of the two specimens. The lattice fringe image of the reaction layer in specimen A (Fig. 1a) , hot-pressed at 1543 K, exhibits a carbon-rich layer of distinctly cellular structure, where in some regions near the matrix there are additional well-ordered ribbons of atomic planes of graphite in parallel orientation to the interface. By contrast, in the composite processed at a lower temperature the carbon reaction layer is less cellular or preferably amorphous (Fig. 1b) and, moreover, a graphitic ribbon is missing on the matrix side.
The two samples were mechanically tested by in situ tensile tests, with microstructure and fracture behaviour being correlated . In detail, the loadelongation curve of specimen A showed a relatively high residual load of more than 50% of the maximum and a long tail, both hinting at a marked fibre pullout. By contrast, specimen B exhibited a rapid load drop (more than 70% of the maximum) and also a short tail on the curve. Consequently, owing to the well-developed cellular carbon structure and especially to the graphite ribbon acting as a solid lubricant, specimen A behaved more toughly than did specimen B, which showed a suppressed fibre pullout and hence a brittle behaviour.
Variation in the mechanical properties can be attributed to the different morphological findings described above. However, microchemical differences leading to a diverse micromechanical behaviour, as will be shown below, should also be included in the discussion of interface properties.
To follow the distributions of carbon, oxygen and silicon dominant in the composites under investigation, series of EEL spectra were taken across the relevant interface configurations. Moreover, the chemical bond state of silicon in the interfacial zone was traced by recording the Si-L 23 edge at a relatively high energy resolution (about 1 eV) choosing a small energy-loss increment of 0 . 2 eV per channel, as introduced by Colliex et al. (1994) .
As to specimen A (1543 K) the distribution of silicon across the reaction interlayer along a line of about 230 nm is represented by the series of 40 EELS spectra (raw data) in Fig. 2(a) . Each single spectrum was recorded using an integration time of 4 s at 0 . 2 eV per channel. The spectra start from the fibre region (lower curves) moving into the glass matrix (step width of about 5 nm), thus crossing the zone of the reaction layer.
As expected, silicon occurs in the fibre periphery as well as in the matrix. The single spectra taken from the interlayer region are somewhat hidden in the onset range of the Si-L 23 edge of the pseudo-three-dimensional drawing of Fig. 2(a) . Therefore, a detailed fine-structure analysis was performed by subtracting the background contributions of the individual curves of particular interest, yielding a spectrum nearly free of silicon for the middle of the carbon-rich interlayer (cf. Fig. 5a ).
In general, there is a weak position-dependent change of the chemical bonding of silicon from predominantly carbidic (fibre) to mainly oxidic (matrix) revealed by analysing the edge onset and ELNES features. The ELNES of SiO 2 has an edge onset at about 105 eV and can be indicated by two peaks distinctly split at about 108 and 115 eV, respectively (Batson, 1991) . Unlike SiO 2 , the threshold energy of the Si-L ELNES of SiC amounts to about 101 eV, with only one pronounced peak at about 104 eV. Owing to the specifics of Nicalon, particularly concerning the joint presence of SiC crystallites and a silicon oxycarbide phase, this dominant peak is slightly broadened and shifted to higher energies. Moreover, there is a hint of a residual peak at about 115 eV, which can be attributed to Si-O-Si bonds (Batson et al., 1987) .
Adequate analyses were performed on specimen B, however, along a line of about 460 nm across the reaction layer as the only difference. For both samples, quite similar results were obtained of chemical composition of the more inner fibre regions and of the glass matrix. However, besides the general carbidic/oxidic variation during the transition from the fibre into the matrix, which is more significant here, it becomes obvious that even in a relatively large outermost zone of the fibre the oxidation state is increasing, as is indicated by a chemical shift of the edge onset (Fig. 2b) , unlike specimen A. This is proved by analysing the Si-L ELNES of single spectra shown in Fig. 5(b) . For the composite properties the important additional difference between the two samples is: in specimen B silicon is detected also inside interlayer regions of highest carbon content (Figs. 2b  and 5b ).
In addition, we investigated the distributions of carbon and oxygen in the interface regions of both samples along the Figure 3(a) demonstrates the behaviour of the C-K and O-K edges crossing the same fibre/matrix interface region of specimen A as in the line profile of Fig. 2(a) . For a better view, especially into the C-K edge, the direction is here reverse, i.e. the lowest spectrum with a significant O-K edge is from the glass. A detailed analysis of the single spectra shown in Fig. 3(a) yielded C-K edges of higher jump ratios in spectra taken from the carbon-rich interlayer, the ELNES of which are similar to that of a mixture of amorphous and graphitic-bound carbon, whereas in almost all spectra of the fibre the C-K ELNES exhibits a shape known from silicon carbide. Furthermore, it is obvious that in the middle of the carbon-rich interlayer there is almost no oxygen detectable (quantitative results of the O/C ratio are given in Fig. 4) , which is in agreement with the absence of any marked Si-L 23 edge in the same region (see Figs. 2a and 5a ). In contrast to the findings of specimen A, in almost all spectra an O-K edge is visible, including those measured inside the reaction layer. In combination with the detection of silicon (see Figs. 2b and 5b) this indicates silicon oxide inside the carbon layer. The jump ratios of the O-K edges seem to be slightly higher in the outer fibre region than in the inner one. This is in agreement with the detection of silicon of higher oxidic bonding in the fibre periphery (see Fig. 5b ). The C-K edges of low intensities visible in the glass region were caused by specimen contamination, which was stronger for specimen B than for A.
In addition, the atomic O/C ratios were determined of the carbon-rich regions in the reaction layers of samples A and B. Figure 4 shows net C-K edges (background subtracted) calibrated at the same vertical scale, with the O-K edges superimposed, representing the quantitative results. In specimen A the interlayer richer in carbon showed an atomic O/C ratio of about 0 . 04 (about 95 at.% C and 5 at.% O), whereas in specimen B it was about 0 . 3 (about 75 at.% C, 25 at.% O). The microchemical results discussed above are confirmed by analysing single EEL spectra of the line profiles, enabling a detailed characterization of the bond character of silicon, as Fig. 5 shows. In this drawing the very top and bottom curves represent the net Si-L ELNES (background subtracted) of matrix and fibre, respectively, corresponding to lines 1 and 40 in Fig. 2 .
Owing to the higher temperature of hot-pressing, the oxycarbide phase inside the Nicalon fibre had presumably oxidized or decomposed, with the ELNES of the fibre (line 40), also in the innermost regions, resembling that of a mixture of SiC and SiO 2 . This is supported by the position of the first peak at about 107-108 eV in the ELNES of the fibre, exhibiting a shoulder on the low-energy side, too. The spectrum from the fibre periphery shows a fine structure of fairly good agreement with that of silicon oxide, i.e. two peaks at about 108 and 115 eV, respectively (cf. line 20). This behaviour is probably also due to a higher oxidation degree caused by the higher temperature. The spectra of the interlayer region (lines 16-18) do not clearly exhibit any significant silicon signal (see, in particular, line 17), which is conformable to the very low oxygen content of about 5 at.% (Fig. 4) .
The situation concerning the chemistry of the interlayer is completely different for the composite hot-pressed at 1373 K (specimen B), having a relatively high content of silicon oxide. This can be concluded from line spectrum 17 in Fig. 5(b) , which was taken from about the middle of the reaction layer indicating an Si-L ELNES to be that known of the dioxide. The next lower ones (lines 18 and 19) were recorded from the outermost part of the fibre. They exhibit small residual peaks at about 115 eV, which can be attributed to Si-O-Si bonds. Moreover, the onset of the fine structure, which for SiO 2 originally peaked at about 108 eV, is slightly shifted to that of the Si-L ELNES of the fibre (line 40), which here (unlike specimen A) better agrees with that of SiC. Furthermore, relative to the spectrum of the glass there is a damping of the amplitudes of the peaks at 108 and 115 eV in addition to a peak broadening, both known from silicon oxycarbide phases (Schneider et al., 1994) . In summary, comparing samples A and B suggests that the oxidation degree of the fibre constituents seems to be lower in specimen B, hinting at an initial stage of fibre oxidation or degradation.
In both samples there are also hints of boron diffusing from the glass into the fibre, as indicated by the corresponding B-K edge at about 190 eV (cf. Fig. 5 ).
Conclusions
Laterally high-resolved ELNES analyses can be used to identify the chemical-bond state of an element and its variation in nanometre regions, which is a sophisticated means of phase analysis. This method was applied to investigate the chemical bonding of silicon present in the fibre/ matrix interface region of SiC (Nicalon)-fibre-reinforced Duran glass. For two different charges of this materials system the mechanical behaviour, previously tested, can be correlated with microchemical results. For the composite hot-pressed at a lower temperature (1373 K), the relatively brittle behaviour can be explained by the presence of silicon dioxide inside the carbon interlayer. Contrary to that, there is almost no oxide in the reaction layer of the composite hotpressed at 1543 K, showing a tougher behaviour of the material. These differences in microchemistry provide additional information on composite properties, completing the microstructural findings of more-or-less well-developed cellular carbon-containing reaction layers.
